Introduction: Obesity is an unfavorable prognostic factor in breast cancer (BC) patients regardless of menopausal status and treatment received. However, the association between obesity and survival outcome by pathological subtype requires further clarification.
Introduction
Breast cancer (BC) is the most frequent invasive neoplasm in women. By 2015 the annual global incidence of BC is estimated at 1.6 million women [1] . The incidence in Europe alone will be over 450,000 new cases, resulting in 138,000 deaths [1] . Among others, obesity is a risk factor for several types of cancer, including BC [2] , and has recently gained special relevance due in part to the dramatic increase in the prevalence of obesity observed worldwide. In fact, if current trends continue, over 50% of the world's population will be obese by the year 2030 [3] .
Recent cohort studies show that BC patients who are obese at diagnosis exhibit worse outcomes than their normal-weight counterparts in terms of probability of recurrence, contralateral BC, second primary malignancies, and overall mortality (OM) [4, 5] . Whereas obese women may be at risk for being diagnosed at a more advanced stage of disease than other women, multivariate analyses confirm obesity as an independent prognostic factor for risk of recurrence and survival [5] . Additionally, recently published meta-analyses confirm a negative effect of obesity on BC prognosis [5] [6] [7] [8] . These data, however, are mostly based on cohort studies with several limitations, such as sample heterogeneity regarding tumor stage, treatment received, follow-up period, and the use of self-reported height and weight data to calculate body mass index (BMI).
The association between obesity and prognosis is also explored in several clinical trials restricted to patients with early-stage BC. These studies were in patients receiving different treatments (for example, hormone therapy, chemotherapy protocols with/without anthracyclines) and reported conflicting results [9] [10] [11] [12] [13] [14] [15] . Although most of these studies showed an increased risk of death related to obesity, in the modern era of adjuvant anthracyclines and taxanes the association between BMI and disease recurrence and/or breast cancer mortality (BCM) requires further exploration together with an examination of the magnitude of such associations by pathological subtype, that is estrogen receptor (ER)/progesterone receptor (PR)-positive/human epidermal growth factor-2 (HER2)-negative, HER2-positive, triple-negative). The pooling of data from all patients participating in four high-quality randomized clinical trials with similar treatment and follow-up protocols offers a unique opportunity to assess the influence of BMI on clinical outcomes while minimizing unexplained variability commonly found in observational studies. Thus, the aim of this study was to assess the prognostic effect of BMI on recurrence, breast cancer mortality (BCM), and overall mortality (OM) among BC patients treated with adjuvant anthracyclines and taxanes, enrolled in four phase-III Spanish Breast Cancer Research Group (GEICAM) and Breast Cancer International Research Group (BCIRG) clinical trials (GEICAM/9906, GEICAM/9805, GEICAM/ 2003-02, and BCIRG 001) [16] [17] [18] [19] [20] . We also evaluated the prognostic role of obesity according to the different pathological BC subtypes as defined by immunohistochemistry.
Methods

Study design and participants
The cohort is comprised of 98% Caucasian women (reflecting the breast cancer patient population in Spain, as most patients included in this pooled analyses were from this country) from four randomized trials that evaluated systemic adjuvant chemotherapy (CT) based on anthracyclines and taxanes for lymph node-negative and lymph node-positive operable BC. These phase III trials accrued patients between 1996 and 2008 and evaluated the following CT protocols: 1) six cycles of docetaxel, doxorubicin, and cyclophosphamide (TAC) or fluorouracil, doxorubicin, and cyclophosphamide (FAC) for highrisk node-negative patients (GEICAM/9805) [17] ; 2) six cycles of fluorouracil, epirubicin, and cyclophosphamide (FEC) or four cycles of FEC followed by weekly paclitaxel for node-positive patients (GEICAM/9906) [16] ; 3) six cycles of TAC or FAC for node-positive patients (BCIRG 001) [18, 19] ; and 4) six cycles of FAC or four cycles of FAC followed by weekly paclitaxel for nodenegative patients (GEICAM/2003-02) [20] . Chemotherapy was prescribed by actual body weight and was adjusted for obese patients in about 2% of patients (151 of 5,683 patients). After completing the CT treatment, tamoxifen, aromatase inhibitors, or the switching strategy (that is, tamoxifen followed by aromatase inhibitor) were administered for five years to patients with ER-positive and/or PRpositive tumors. Radiotherapy (RT) was mandatory after breast-conserving surgery and was administered after mastectomy, according to each institution's guidelines. These trials were conducted before the approval of adjuvant trastuzumab therapy. Further details of the trial designs and findings have been reported elsewhere [16] [17] [18] [19] [20] .
The Institutional Review Boards at the study sites approved these trials (see Additional file 1 for a list), and the participants provided written informed consent prior to randomization. For this analysis, we excluded patients who were randomized but not included in the corresponding trial (32 patients) and those who had incomplete height or weight data (9 women). The final cohort consisted of 5,683 patients.
Procedure
The independent variable of interest, BMI, was calculated based on the height and weight of each participant at the start of the study. According to the World Health Organization definition, patients were classified into five BMI subgroups: underweight (<18.5 kg/m [21] . Due to the small number of underweight patients, the first two groups were combined and, thus, BMI <25 kg/m 2 was used as the reference category. Other variables considered included: age, menopausal status, surgery type, histology type, histological grade, tumor size, nodal status, hormone receptor, and HER2 status. We included the category, HER2 unknown, due to the high number of participants with missing data in the GEICAM/9805 study. Regarding CT, the overall dose of each drug in the corresponding regimen was compared with the theoretical dose based on the patient's estimated body weight using the real weight of the patient at enrollment [22] . As in other studies, we considered women who received a dose lower than 85% of the standard dose as undertreated [23] . Undertreatment was computed considering the initial dose (initial undertreatment) and the total amount of CT received (overall undertreatment). Toxicity was graded according to the National Cancer Institute Common Toxicity Criteria; we considered grade 3 and 4 adverse events to be clinically relevant [24] .
We calculated the impact of obesity on different endpoints. Recurrence was defined as local, regional, or distant disease recurrence or the diagnosis of a second primary breast cancer, including contralateral breast tumors. In situ tumors were not considered as recurrence. BCM was defined as death due to BC, and overall mortality was defined as death from any cause. To guarantee the quality and homogeneity of the follow-up data all analyses were restricted to the first 10 years after recruitment.
Statistical analysis
The Kaplan-Meier method was used to estimate survival, and the log-rank test was used to assess the possible differences between subgroups. Cox proportional hazards regression analysis was performed to assess the prognostic effect of BMI on recurrence, BCM, and OM [25] . Basic models were adjusted for the clinical trial from which data originated (study) -which also acted as a proxy for nodal involvement -and treatment regimen. Full models included additional adjustment for age, menopausal status, tumor size, histological grade, hormone receptor status, HER2 status, surgery type, and overall undertreatment (yes/no) as potential confounders. In addition, to explore the shape of the dose-response curve for BMI without assuming a linear relationship, natural splines were used in the full model, including four knots based on Harrell's recommended percentiles, namely 5%, 35%, 65%, and 95% [26] . Finally, to test the consistency of the excess risk associated with higher BMI, subgroup analyses were conducted to estimate the effect of having BMI ≥35 compared to BMI <25 per category of the following variables: clinical trial, age, menopausal status, histological type, pathologic primary tumor size, nodal involvement, surgery type, hormone therapy (yes/no), undertreatment (yes/no), and pathological subtype. We report two-sided P-values, and P <0.05 was considered statistically significant. Statistical analyses were performed using STATA 12 (StataCorp LP, College Station, TX, USA).
Results
The characteristics of the patients enrolled in each trial are provided as additional material (see Additional file 2). In total, 5,683 patients from four phase III trials with complete height and weight data were analyzed in the pooled data. The median follow-up time of patients who were alive at the time of this analysis was 93.4 months (range from 0.6 to 120). Table 1 describes sociodemographic and clinical characteristics of the sample and illustrates the relationship between patient characteristics and BMI category. For the sole purpose of simplifying the sample description here, we combined BMI into three categories. Using 30 kg/m 2 as the cut off, 4,307 patients (75.8%) were classified as non-obese (BMI <30), 945 patients (16.6%) had BMI between 30 and 34.9 (obese) and 431 patients (7.8%) had BMI greater than or equal to 35 (severely obese). The median age was 48 years in the nonobese patients (range 42 to 56), 56 years among obese patients (range 49 to 62) and 55 years among the severely obese (range 49 to 62). Severely obese patients were more likely to be postmenopausal, to present lymph node positivity, and to be undertreated compared to non-obese patients. Additionally, severely obese patients were less likely to present with a tumor size <2 cm, undifferentiated tumors, or HER2-positive tumors. Even though the prevalence of undertreatment was low, as expected in clinical trials, there were significant differences in the doses (calculated as mg/m 2 ) of CT between severely obese patients and non-obese patients. A higher proportion of severely obese patients received doses below 85% of the theoretical dose of CT compared with the non-obese patients (6.0% versus 2.4% in the first dose and 15.0% versus 7.1% considering the cumulative dose, P <0.001). Patients with severe obesity were as likely to present with severe adverse events (grades 3 to 4) as non-obese patients (42.0% versus 40.4%, P = 0.498).
To illustrate the relationship between BMI and survival, we calculated crude Kaplan-Meier curves for recurrencefree survival, breast cancer survival and overall survival for each BMI category ( Figure 1 ). In the Cox regression basic model (Table 2) , obese patients' outcomes were not significantly different from those of the reference group (BMI18.5 to 24.9), in terms of recurrence (Hazard Ratio [HR] 0.98, 95% CI 0.82, 1.17, P = 0.831), BCM (HR 1.04, 95% CI 0.83, 1.29, P = 0.757), or OM (HR 1.07, 95% CI 0.87, 1.3, P = 0.526). However, patients with severe obesity presented significantly worse outcomes in terms of BCM Figure 1 ). Initial undertreatment was not related to any of the endpoints of interest, and was not considered in subsequent analyses. In fully-adjusted models (Table 3 ), compared to the reference group (BMI 18.5 to 24.9) obesity remained a non-significant prognostic factor, but severe obesity independently increased the risk of recurrence (HR 1.25, 95% CI 0.99, 1.57, P = 0.052), BCM (HR 1.32, 95% CI 1.00, 1.74, P = 0.053), and OM (HR 1.35, 95% CI 1.06, 1.72, P = 0.016). Figure 2 depicts the fully-adjusted HR dose-response curve (dark line) and upper and lower limits of the CI (lighter lines) for BMI for each of the three endpoints of interest. For OM, the dose-response curve showed higher HRs at both BMI extremes, but the 95% CIs did not include the one only at the right end of the curve, that is, for BMI ≥35. BCM and recurrence results also indicated a positive dose-response relationship, but the trend was not as pronounced and failed to reach statistical significance. Figure 3 presents the HR and 95% CIs associated with severe obesity (BMI ≥35) for each survival outcome by the categories of each covariate, considering the different pathological BC subtypes. For these analyses, in order to increase our statistical power, BMI <25 was considered the reference category. These HR values were adjusted for the rest of the variables included in the full model. No statistically significant differences in the effect of severe obesity were observed per category of the other explanatory variables, but the effect seemed to be more pronounced in younger women (age <45 years). Furthermore, the magnitude of the negative effect of severe obesity on survival outcomes was similar across the three BC subtypes (ER/PR-positive/HER2-negative, HER2-positive, triple-negative).
Discussion
In this retrospective survival analysis of pooled data from four large, well-conducted, randomized phase III trials of adjuvant CT, severe obesity (BMI ≥35) was significantly associated with worse survival outcomes (OM and BCM) and a higher risk of disease recurrence. Additionally, the magnitude of the negative effect of BMI on survival was similar across pathological subtypes (ER/PRpositive/HER2-negative, HER2-positive, triple-negative). However, obese patients (BMI 30.0 to 34.9) displayed similar prognosis to patients with BMI below 25.0, not unexpected given that most studies of women participating in clinical trials show a relatively modest effect of obesity on prognosis compared with population-based studies. A recent multi-analysis [8] concluded that there was a (nonstatistically significant) tendency to report higher prognostic effects of obesity in BC patients in observational studies than in randomized controlled trials (RCTs). In this regard, our study supports the harmful prognostic effect of severe obesity among operable BC patients treated with the most up-to-date CT schedules based on anthracyclines and taxanes.
To the best of our knowledge, this is the largest analysis of RCTs examining obesity as a prognostic factor in operable BC patients treated with anthracyclines and taxanes, and adjusting for hormone receptor and HER2 status. It is also the second study to confine significant prognostic effects to severely obese patients, supporting previous work by Dignam and colleagues [27] . In a study conducted by Berclaz et al., data from 6,792 BC patients randomized in seven trials of the International Breast Cancer Study Group from 1978 to 1993 were analyzed [9] . These trials included observation (no adjuvant therapy), endocrine therapy (tamoxifen), or cyclophosphamide, methotrexate and fluorouracil (CMF)-based CT. Their results showed that BMI independently predicted OM (P = 0.03) but not risk of recurrence (P = 0.12). Azambuja et al. analyzed 2,887 node-positive BC patients included in the BIG 02-98 trial who were treated with a CT regimen based on anthracyclines. In this study, obesity emerged as an independent unfavorable prognostic factor for OM (P = 0.008) and recurrence (P = 0.04) [11] . A retrospective analysis of 4,077 women from the National Surgical Adjuvant Breast and Bowel Project clinical trials with ER-negative, node-negative BC, treated with several CT regimens with or without anthracyclines, showed higher mortality only among severely obese patients but not among obese patients [27] . Also our results are consistent with those obtained by Sparano et al. in the ECOG 1199 study [12] in which there was also a correlation between increased BMI and poorer disease-free survival and overall survival. However, in our study the correlation between BMI >35 and worse prognosis was observed in all pathological subtypes, whereas in the ECOG 1199 this effect seemed to be limited to ER-positive patients. These differences may be due to a different definition of ER-positive status (>10% in ECOG 1199 versus >1% in our studies). Furthermore, the percentage of obese patients was lower in our study (16.6 versus 36.6% respectively) and we did not include black patients. This is relevant because the ECOG 1199 has shown a significant association between black race, increased frequency of obesity and a worse prognosis in ER-positive patients [28] . Certain characteristics of our study may explain the differences between our results and previous work. First, the homogeneity of our sample, which included only patients with low comorbidity, could partially explain the stronger prognostic role of obesity observed in population-based studies than in our study. Such differences in effect may be attributed to other conditions such as diabetes, metabolic syndrome, and other chronic diseases that are associated both with obesity and with poorer prognoses. Because of the criteria used in clinical trials, obese patients with impaired health due to these conditions have a lower probability of being included in a clinical trial. Second, the assessment necessary to establish patient eligibility for a clinical trial may result in more accurate staging and consequently less confounding between obesity and delayed diagnosis often observed in obese women. Third, our results are based on a large sample size of more than 5,600 patients. Pooled analyses have shown that risk estimates based on retrospective analysis of clinical trials often decline as the sample size increases [9] [10] [11] . Finally, all our patients were treated homogeneously with anthracyclinebased CT, such an effective treatment that it may have Hazard ratio, 95% CI and P-value adjusted for study, treatment regimen and the rest of variables in the table.
partly counteracted the adverse prognostic effect of obesity when compared to the obesity effect found in population and cohort studies, or even in clinical trials with suboptimal CT schedules like CMF. It should also be anticipated that undertreatment is less frequent when patients are treated within the context of a clinical trial.
In fact, undertreatment may also contribute to poorer survival rates in obese BC patients [22, 29] . Several studies have shown that obese BC patients are more likely to receive reduced doses of CT compared to normal-weight women [22, 29, 30] . Obese patients treated with CMFbased CT were significantly more likely to receive a lower CT dose for the first course (<85% of expected dose) than those with normal or intermediate BMI values (39% versus 16%, P <0.0001) and this undertreatment was associated with a significantly worse outcome for ER-negative patients [27] . However, several studies found that obese women receiving full doses of CT did not experience more toxicity than normal-weight patients [22, 30, 31] . In our study, although undertreatment was generally low, severely obese patients were also more likely to be undertreated, despite the prevalence of serious adverse events being similar to that observed in non-obese patients. Even in the context of a clinical trial, severely obese patients were almost three times more likely to receive suboptimal doses from the start, and this insufficient dose was maintained in subsequent cycles in more than 90% of cases. Oncologists should be aware of the importance of prescribing full weight-based doses in agreement with the recommendations of the American Society of Clinical Oncology [22] .
The pathways involved in the relationship between obesity and BC outcomes remain unclear, but obesity is known to affect several hormones and growth factors that are potentially associated with BC [32] . Consequently, obese patients may have elevated tumor cell proliferation and metastasis due to undefined adipokine effects on tumor cells [33] . For instance, hyperinsulinism has been correlated with BMI, recurrence, and BCM, regardless of hormone receptor status [34] . The pro-angiogenic and pro-inflammatory adipokines such as leptin, IL6, TNF-α, and vascular endothelial growth factor (VEGF), secreted by fat tissue, are commonly elevated in obese patients [35, 36] . As BMI is directly related to circulating estrogen levels, the production of estrogens by adipose tissue has also been postulated as a factor in the more biologically aggressive ER-positive tumors in postmenopausal women [37] . Also higher rates of angiolymphatic invasion among obese women with breast cancer may contribute to their poorer outcomes, as described by Gillespie et al. in their retrospective series [38] .
Several studies have evaluated the role of obesity as a risk factor for BC development according to different BC subtypes [39] [40] [41] [42] . However, data on the role of obesity on patient prognosis according to these subtypes are scarce. A recent meta-analysis found no evidence of the prognostic role of obesity varying by hormone receptor status [7] , although HER2 receptor data were not available until recently. In fact, a study on 4,770 operable BC patients treated with a CT regimen based on anthracyclines and taxanes reported a worse outcome specifically in hormone receptor-positive/HER2-negative disease patients, but not among patients with HER2-positive or triple-negative disease [12] . In contrast, our analyses failed to detect a difference in the observed prognostic role of severe obesity by subtype.
Although the shortcomings of our study are not uncommon in retrospective analyses of clinical trials, our results should be interpreted in the context of the study limitations. BMI was measured only at the beginning of follow up and further changes were not considered, in part due to the difficulty in assessing changes influenced by CT/hormone treatment side effects. For the analysis by tumor subtype, hormone receptor positivity was assessed in each trial under the available criteria at that moment, and the lack of information on HER2 in the GEICAM/9805 trial substantially decreases the statistical power of the analyses. Major strengths of this study include a large sample size (n >5,600), precise BMI information at baseline, and a standardized CT treatment based on the most active drugs in the adjuvant setting available at that time (anthracyclines and taxanes).
In summary, this study shows that obesity (BMI 30.0 to 34.9) is not associated with worse survival outcomes in operable BC patients treated with anthracycline-and taxane-based CT. Severely obese patients (BMI ≥35.0), however, present an increased risk of recurrence, BCM, and OM compared to patients with BMI <25.0. Further, the magnitude of the negative effect of BMI on survival outcomes was similar across pathological BC subtypes.
Conclusions
Based on a large retrospective analysis of four randomized clinical trials of operable BC patients treated with anthracyclines and taxanes, and adjusting for hormone receptor and HER2 status, we found that severe obesity, but not obesity, emerged as a statistically and clinically significant unfavorable prognostic factor regardless of BC subtype. These findings support further basic and clinical research on the mechanisms of the association between severe obesity and survival outcomes in BC patients in order to maximize treatment benefits among these patients. 
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